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HIGHLIGHTS 


•  Microwave-assisted  synthesis  method  was  used  to  prepare  NiCo204  nanostructure. 

•  3D  mesoporous  NiCo204  nanospheres  are  constructed  by  intertwined  2D  ultrathin  nanosheets. 

•  Nanosphere-like  NiCo204  nanostructures  have  a  large  specific  surface  area. 

•  NiCo204  nanospheres  exhibit  high  electro-catalytic  activity  and  good  long-term  stability  of  methanol  oxidation. 
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A  fast  microwave-assisted  synthesis  method  followed  by  a  post-calcining  process  is  used  to  prepare 
three-dimensional  (3D)  nanosphere-like  NiCo204  nanostructure.  The  3D  NiCo204  nanospheres  are  con¬ 
structed  by  intertwined  two-dimensional  (2D)  ultrathin  mesoporous  nanosheets.  The  nanosphere-like 
NiCo204  has  a  large  specific  surface  area  (SSA,  146.5  m2  g-1)  and  is  successfully  applied  to  electro- 
catalytic  oxidation  of  methanol.  Electrochemical  impedance  spectroscopy  (EIS),  cyclic  voltammetry 
(CV)  and  chronoamperometry  (CA)  measurements  are  used  to  investigate  electro-catalytic  performance 
of  the  as-prepared  NiCo204.  The  current  density  of  NiCo204/Ni  foam  (NiCo204/NF)  electrode  in  1  M  KOH 
with  0.5  M  methanol  is  up  to  40.9  A  g-1.  And  the  current  density  can  be  returned  to  97%  of  the  original 
value  by  replacing  new  1  M  KOH  electrolyte  with  0.5  M  methanol  after  a  long-term  CV  cycle  (500  cycles). 
These  results  show  that  our  prepared  NiCo204  possesses  high  electro-catalytic  activity  and  good  long¬ 
term  stability  for  methanol  oxidation.  This  may  be  benefit  from  the  unique  porous  nanosphere-like 
structure  and  large  SSA. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  rapid  depletion  of  fossil  fuel  and  ever-growing  environ¬ 
mental  problems  have  aroused  wide  attention  in  developing  and 
designing  novel  materials  for  electron  component  [1]  and  fuel 
cells  [2-4].  Direct  methanol  fuel  cells  (DMFCs),  as  a  member  of 
fuel  cells,  have  attracted  considerable  interest  due  to  abundant 
raw  materials,  low  operating  temperature,  high  energy  density  as 
well  as  low  pollution  [5,6].  It  is  accepted  that  the  relatively  low 
activity  and  high  cost  of  methanol  electro-oxidation  catalysts  are 
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two  main  obstacles  inhibiting  application  of  DMFCs  [7].  So,  for 
DMFC  anode  catalyst  performance  improvement,  the  exploration 
of  new  catalyst  materials  including  noble  and  non-noble  metals  is 
necessary  [8].  In  this  respect,  a  number  of  noble  metals,  for 
instance,  Pt  [9,10]  and  Pt-based  alloy  [11—13],  have  been  used  as 
catalysts  for  electro-catalytic  oxidation  of  methanol.  However, 
high  cost,  self-poisoning  and  poor  stability  limit  their  commercial 
application.  So,  the  exploration  of  non-noble  metals  with  low  cost 
and  high  activity  is  the  way  for  catalyst  cost  reduction  without 
performance  compromise.  Recently,  transition  metal  oxides/hy¬ 
droxides,  such  as  NiO,  [14]  C03O4  [15,16]  and  Co(OH)2  [17],  have 
received  considerable  interest  due  to  their  low  cost  and  good 
electro-catalytic  properties  of  methanol.  However,  poor  conduc¬ 
tivity  of  these  metal  oxides  restrains  their  application.  Therefore, 
in  this  field,  it  is  a  challenge  to  explore  novel  transition  metal 
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oxide  catalysts  with  both  high  conductivity  and  electro-catalytic 
activity  for  methanol  oxidation. 

In  recent  years,  as  one  of  the  transition  metal  oxide,  NiCo204  has 
been  widely  used  in  supercapacitors  [18,19],  catalysts  [20],  elec¬ 
trochemical  sensors  [19],  and  Li-ion  batteries  21]  because  of  its 
intriguing  advantages,  such  as  low  cost,  relatively  abundance  and 
environmental  friendliness  [22].  Furthermore,  it  has  been  reported 
that  NiCo204  possesses  much  better  electronic  conductivity,  at  least 
two  orders  of  magnitude  higher  than  nickel  oxide  and  cobalt  oxide 
[23].  The  high  electronic  conductivity  is  favorable  to  the  electro- 
catalytic  activity  of  methanol  oxidation.  Although  there  are  many 
reports  about  the  applications  of  NiCo204,  to  the  best  of  our 
knowledge,  the  report  about  its  application  in  methanol  oxidation 
is  rare  [24].  Therefore,  in  this  report,  nanosphere-like  NiCo204 
nanostructure  was  proposed  as  a  high  performance  catalyst  for 
methanol  oxidation. 

Nowadays,  there  are  many  methods  to  synthetize  metal  oxide 
nano-materials,  such  as,  hydrothermal  process  [25-27],  sol-gel 
method  [22,28]  and  electro-deposition  [19,29].  Compared  with  the 
well-established  approaches  today,  the  microwave-assisted 
method  is  fast,  simple  and  low  cost,  which  requires  less  invest¬ 
ment  in  equipment.  Meanwhile,  easy  operation  and  short  synthesis 
time  are  another  two  advantages  for  the  microwave-assisted 
method.  However,  as  far  as  we  know,  there  were  few  studies  on 
microwave-assisted  method  for  the  synthesis  of  NiCo204. 

In  this  work,  a  microwave-assisted  method  was  proposed  for  the 
preparation  of  nanosphere-like  NiCo204  structure.  The  as-prepared 
NiCo204  has  been  successfully  applied  to  electro-catalytic  oxidation 
of  methanol  and  exhibited  high  electro-catalytic  activity  and  good 
long-term  stability. 

2.  Experimental 

2.1.  Preparation  of  NiCo2C>4 

Cobalt  nitrate  hexahydrate  (Co(N03)2-6H20),  nickel  nitrate 
hexahydrate  (Ni(N0s)2-6H20),  sodium  acetate  trihydrate 
(NaAc-3H20)  and  ethylene  glycol  (EG)  were  analytical  grade  and 
used  as  received  without  further  purification.  The  experimental 
details  were  as  follows.  The  NiCo204  prepared  by  a  fast  microwave- 
assisted  synthesis  method  in  addition  to  a  post-calcining  process.  In 
a  typical  running,  the  precursor  was  synthesized  firstly  by  dis¬ 
solving  50  mM  Ni(N03)2-6H20, 100  mM  Co(N03)2-6H20  and  0.6  M 
NaAc-3H20  in  50  mL  EG  with  stirring  to  form  uniform  claret  so¬ 
lution.  Then  the  solution  was  heated  in  a  microwave  oven  (Pana¬ 
sonic,  model  NN-5208,  Tokyo,  Japan)  under  a  medium  high  mode 
(power  560  W)  for  6  min.  After  cooling  to  room  temperature 
naturally  and  standing  for  4  h,  the  solution  was  centrifuged  at 
12,000  rpm  for  2  min.  The  supernatant  was  discarded  and  the 
precursor  was  extensively  washed  with  distilled  water  and  abso¬ 
lute  ethanol  several  times  and  then  dried  at  80  °C  in  air  overnight. 
Secondly,  the  precursor  was  calcinated  at  300  °C  in  the  atmospheric 
environment  for  2  h.  After  the  calcination  process,  the  precursor 
was  converted  into  black  powder. 

2.2.  Characterization  of  precursor  and  Ni C02O4 

The  scanning  electron  microscope  (SEM)  images  of  precursor 
and  NiCo204  were  characterized  by  a  Hitachi  S-4800  ultra-high 
resolution  field  emission  scanning  electron  microscope  (Tokyo, 
Japan).  Transmission  electron  microscopy  (TEM)  images  of  NiCo204 
were  obtained  by  a  FEI  Tecnai  G2  20  high-resolution  electron  mi¬ 
croscope  (Hillsboro,  OR,  USA).  Thermogravimetric  (TG)  and  differ¬ 
ential  thermal  analysis  (DTA)  were  carried  out  on  a  Henven  HCT-2 
thermal  analyzer  (Beijing,  China)  with  a  ramping  rate  of  5  °C  min-1 


from  22  to  582  °C  under  a  stream  of  air.  The  X-ray  diffraction 
spectroscopy  (XRD)  patterns  were  captured  by  a  Tongda  TD-3500 
X-ray  power  diffractometer  (Liaoning,  China)  with  Cu  Ka  radia¬ 
tion  (A  =  0.15148  nm)  operating  at  30.0  kV  and  20.0  mA.  X-ray 
photoelectron  spectroscopy  (XPS)  patterns  were  acquired  on  a 
Kratos  XSAM  800  spectrometer  (Manchester,  U.K.)  with  a  Mg  Ka  X- 
ray  (1253.6  eV)  excitation  source  running  at  15  kV,  and  a  hemi¬ 
spherical  electron  energy  analyzer  and  multichannel  detector. 
The  Brunauer— Emmett-Teller  (BET)  SSA  was  detected  by  the  ni¬ 
trogen  (N2)  adsorption  method  using  a  Quadrasorb™  SI  Automated 
Surface  Area.  Fourier  transform  infrared  spectra  (FT-IR)  were 
recorded  on  a  Thermo  Scientific  Nicolet  6700  FT-IR  spectrometer 
(Sugar  Land,  TX,  USA). 

2.3.  Electrochemical  measurements  of  NiCo204/NF,  NiO/NF,  C03O4/ 
NF,  precursor/NF  and  blank  NF  (Blank/NF)  electrodes 

CV,  EIS  and  CA  measurements  were  implemented  on  an  autolab 
electrochemical  workstation  (PGSTAT  30/302)  to  evaluate  the 
electro-catalytic  oxidation  of  methanol  on  NiQ^CU/NF  electrode. 
All  the  electrochemistry  tests  were  carried  out  in  a  traditional 
three-electrode  electrochemical  cell  with  a  graphite  counter  elec¬ 
trode  and  a  Hg/HgO  reference  electrode,  the  working  electrode  was 
prepared  by  mixing  the  active  materials  (NiCo204,  NiO,  C03O4  and 
precursor),  poly(vinylidenefluoride)  and  acetylene  black  at  a 
weight  ratio  of  80:5:15  with  small  amount  of  N-Methyl-2-pyrroli- 
done  (NMP).  After  stirring  the  mixture  several  minutes,  the  slurry 
was  pasted  onto  NF  (1.0  cm  x  3.0  cm  in  area),  which  was  then  dried 
at  80  °C  for  3  h.  1  M  KOH  without  and  with  0.5  M  methanol  were 
considered  as  electrolytes. 

3.  Results  and  discussion 

The  dark  green  precursor  was  originally  studied  by  TG  and  DTA 
analysis  in  the  temperature  range  of  22— 582  °C  to  assess  the  follow¬ 
up  calcination  process.  As  depicted  in  Fig.  1,  the  precursor  under¬ 
went  two-step  weight  loss  with  a  total  weight  loss  of  27.9%.  The 
original  weight  loss  of  13.5%  accompanied  by  an  endothermic  re¬ 
action  below  130  °C  is  due  to  the  removal  of  intercalated  water 
molecules  and  physically  adsorbed  water  molecules.  Interestingly, 
this  weight  loss  is  much  larger  than  that  detailed  in  previous  studies, 


Fig.  1.  TG  (red)  and  DTA  (black)  curves  of  precursor.  (For  interpretation  of  the  refer¬ 
ences  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article.) 
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Fig.  2.  XRD  patterns  of  precursor  (black)  and  NiCo204  (red).  (For  interpretation  of  the 
references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article.) 


[30,31  ]  which  is  usually  3-6%,  inferring  that  our  proposed  precursor 
has  large  SSA  or  porosity  to  entrap  the  water  molecules.  The  sub¬ 
sequent  14.4%  weight  loss  with  a  sharp  exothermic  peak  at  170- 
250  °C  indicates  that  the  precursor  transformed  into  other  species. 
Since  the  precursor  is  a  mixture  of  Co(OH)2  and  Ni(OH)2  below 
130  °C,  the  second  weight  loss  is  ascribed  to  the  decomposition  and 
dehydroxylation  of  the  hydroxide.  The  weight  loss  is  a  little  larger 
than  the  theoretical  value  of  13.79%  [32].  This  may  be  due  to  the 
combustion  of  EG  [33].  The  remove  of  EG  and  intercalated  water 
molecules  may  result  in  the  destruction  of  precursor  nanosheets, 
this  can  be  found  in  the  following  SEM  images  (Fig.  4C  and  D).  Ac¬ 
cording  to  the  results,  300  °C  was  chosen  as  the  calcination  tem¬ 
perature  for  the  purpose  of  obtaining  high  purity  NiCo204. 


After  calcination,  the  dark  green  precursor  was  converted  into 
black  powder,  their  structures  and  phases  were  characterized  by 
XRD  analysis.  As  shown  in  Fig.  2,  the  black  curve  exhibits  that  the 
precursor  is  a  mixture  of  Co(OH)2  and  Ni(OH)2,  which  is  consistent 
with  the  previous  study  [34  .  After  calcination,  the  XRD  pattern  of 
the  black  powder  (red  curve)  is  different  from  the  precursor  (black 
curve),  which  presents  five  evident  diffraction  peaks.  They  coincide 
with  the  (220),  (311),  (400),  (511)  and  (440)  planes  in  the  standard 
NiCo204  spectrum  (JPCDS  card  No.  20-0781)  perfectly.  The  five 
characteristic  diffraction  peaks  can  be  indexed  as  the  cubic  spinel 
NiCo204.  These  results  indicate  that  the  NiCo204  formed  after 
calcination  process  and  300  °C  is  appropriate  for  thermal  conver¬ 
sion  of  precursor. 

In  order  to  demonstrate  no  EG  molecule  remained  in  NiCo204, 
we  resort  to  FT-IR  analysis.  Fig.  3A  depicts  the  FT-IR  spectra  of  the 
free  EG  (curve  a),  precursor  (curve  b)  and  NiCo204  (curve  c).  These 
FT-IR  spectra  are  clearly  different.  As  shown  in  curve  a,  the  bands  at 
1086  and  1043,  and  2942  and  2877  cm-1  are  the  stretching  vibra¬ 
tions  of  vc-o  and  vC-h  of  the  EG  molecules,  respectively.  Compared 
with  curve  a  and  curve  b  in  Fig.  3A,  we  can  find  that  some  EG 
molecules  are  entrapped  in  the  precursor.  After  calcination  (curve 
c),  four  characteristic  bands  of  NiCo204  found  at  3432, 1621, 1384, 
and  553  cm-1  are  consistent  with  the  previous  reports  [35,36].  As 
no  hydroxyl  group  signal  of  EG  is  detected  in  NiCo204,  indicating 
that  further  heat  treatment  leads  to  the  full  decomposition  of  re¬ 
sidual  EG  preserved  in  the  precursor.  This  result  is  consistent  with 
the  TG-DTA  analysis  (Fig.  1). 

To  gain  further  information  on  the  element  composition  and  the 
oxidation  state  of  the  NiCo204,  we  resort  to  XPS  measurements  and 
the  corresponding  results  are  presented  in  Fig.  3B-D.  By  using  the 
Gaussian  fitting  method,  the  Ni2p  emission  spectrum  (Fig.  3B)  is 
best  fitted  with  one  spin-orbit  doublet  and  two  shakeup  satellites. 
One  kind  of  Ni  species  has  been  detected  and  assigned  to  Ni2+.  The 
fitting  peaks  at  binding  energy  of  854.6  and  872.1  eV  are  indexed  to 
Ni2+,  [37]  while  the  satellite  peaks  at  879.0  and  860.8  eV  are  two 
shake-up  type  peaks  of  the  nickel  at  the  high  binding  energy  side  of 
the  Ni2pl/2  and  Ni2p3/2  edge  38].  In  the  Co2p  spectra  (Fig.  3C), 


Binding  Energy  /  eV 


Fig.  3.  (A)  FT-IR  spectra  of  (a)  EG,  (b)  precursor  and  (c)  NiCo204,  (B)  Ni2p,  (C)  Co2p  and  (D)  Ols  XPS  spectra  of  NiCo204. 
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Fig.  4.  SEM  images  of  precursor  (A,  B)  and  NiCo204  (C,  D). 


one  kind  of  cobalt  species  Co3+  can  also  be  observed.  The  fitting 
peaks  at  779.6  and  794.9  eV  are  ascribed  to  Co3+.  The  high- 
resolution  spectrum  for  Ols  region  (Fig.  3D)  shows  three  oxygen 
contributions,  which  have  been  denoted  as  01, 02, 03,  respectively. 
Specifically,  the  component  01  at  529.3  eV  is  typical  of  metal- 
oxygen  bonds,  [39]  while  the  component  02  at  531.4  eV  is  associ¬ 
ated  with  oxygen  ions  in  low  coordination  sites  at  the  surface  40]. 
The  component  03  at  532.8  eV  can  be  attributed  to  multiplicity  of 
physic-  and  chemisorbed  water  at  or  within  the  surface  [39].  The 
XPS  data  suggests  that  the  surface  of  the  prepared  NiCo204  has  a 
composition  containing  Co3+  and  Ni2+,  which  could  afford  enough 
active  sites  for  methanol  oxidation. 

The  morphology  of  the  synthesized  precursor  and  NiCo204  were 
further  investigated  by  SEM.  The  SEM  images  are  shown  in  Fig.  4, 
we  can  clearly  see  that  the  precursor  exhibits  obvious  porous 
nanosphere-like  structure  (Fig.  4A),  which  is  composed  of  a  large 
number  of  interconnected  ultrathin  nanosheets  (Fig.  4B).  As  shown 
in  Fig.  4C  and  D,  although  the  calcination  process  (300  °C  for  2  h) 
causes  slight  destruction  of  nanosheets,  NiCo204  still  maintains  the 
nanosphere-like  structure.  It  is  expected  that  this  unique 
nanosphere-like  structure  might  endow  NiCo204  with  large  SSA. 
The  intertwined  feature  also  facilitates  electrolyte  penetration  be¬ 
tween  NiCo204  nanosheets  and  charge  transfer  at  the  electrolyte- 
electrode  interface. 

TEM,  high-resolution  transmission  electron  microscopy 
(FIRTEM)  and  selected  area  electron  diffraction  (SAED)  were  per¬ 
formed  to  further  investigate  the  surface  morphology  and  crystal¬ 
lographic  structure  of  the  proposed  NiCo204.  Fig.  5A  is  a  typical 
TEM  image  of  NiCo204,  the  black  wrinkle  indicates  the  ultrathin 
nanosheets  structure.  The  blank  area  in  the  particles  shows  that  the 
crinkly  ultra-thin  nanosheets  have  a  porous  nature.  Fig.  5B  shows  a 
representative  porous  nanosphere-like  structure  of  NiCo204,  which 
assembled  from  ultrathin  nanosheets.  These  results  are  in  complete 
agreement  with  SEM  results  (Fig.  4C  and  D).  The  HRTEM  image  in 
Fig.  5C  clearly  shows  that  the  lattice  phase  has  random  orientation. 
The  lattice  spacing  of  0.25  and  0.28  nm  are  corresponding  to  the 
(311)  and  (220)  planes  of  NiCo204,  respectively.  This  is  consistent 
with  previous  report  [25].  The  SAED  pattern  (Fig.  5D)  shows  well 


defined  rings,  which  is  an  indication  of  the  polycrystalline  nature  of 
NiCo204.  The  prepared  NiCo204  with  such  porous  nanosphere-like 
and  polycrystalline  nanostructures  are  supposed  to  possess  excel¬ 
lent  electro-catalytic  performance. 

Distinct  porous  structure  on  the  surface  of  NiCo204  can  be 
viewed  in  SEM  and  TEM  images.  As  is  well  known  to  us,  the  SSA  is 
an  important  factor  influencing  the  electro-catalytic  performance 
of  the  materials.  Therefore,  the  porous  characteristics  of  as- 
prepared  NiCo204  were  further  investigated  by  nitrogen  adsorp¬ 
tion  and  desorption  measurements,  and  the  results  are  shown  in 
Fig.  6.  The  P/P0  range  of  0-0.01  suggests  the  micropore  nature,  and 
the  hysteresis  loop  in  the  P/P0  range  of  0.4-1. 0  is  an  indication  of 
mesoporous  structure.  The  N2-adsorption  isotherm  of  the 
nanosphere-like  NiCo204  exhibited  the  combined  characteristics  of 
micropore  and  mesoporous,  and  mesoporous  is  in  the  majority.  The 
SSA  is  146.5  m2  g-1,  which  is  higher  than  that  of  the  previously 
reported  NiCo204  [22,25,41  .  The  large  SSA  and  porous  structure 
not  only  affords  enough  active  species  for  methanol  oxidation  but 
also  greatly  improves  the  electrolyte-electrode  contact  area,  which 
are  beneficial  for  a  quick  electrochemical  reaction.  Thus,  the  pre¬ 
pared  NiCo204  nanostructure  could  provide  a  good  activity  and 
stability  for  methanol  oxidation. 

In  order  to  investigate  the  electro-catalytic  activity  of  our  pro¬ 
posed  NiCo204  for  methanol  oxidation,  CV  method  was  firstly  used. 
As  presented  in  curve  c  in  Fig.  7A,  the  NiCo204/NF  electrode  exhibits 
one  pair  of  redox  peaks  centered  at  0.50  V  and  0.32  V,  indicating  the 
redox  reaction  of  NiCo204  in  alkaline  environment  [42,43].  The 
redox  reactions  in  the  alkaline  electrolyte  are  based  on  the 
following  equations  [44—46]. 

NiCo204  +  OH  +  H20  <-►  NiOOH  +  2CoOOH  +  2e  (1) 

CoOOH  +  OH“  <-►  Co02  +  H20  +  e“  (2) 

NiO  and  C03O4  prepared  by  the  same  method  were  used  for 
comparison,  and  the  corresponding  XRD  results  were  shown  in 
Fig.  SI.  We  have  also  investigated  the  CV  curves  of  precursor/NF 
(red  curve  in  Fig.  S2),  NiO/NF,  C03O4/NF  and  Blank/NF  electrodes 
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Fig.  5.  TEM  (A,  B),  HRTEM  (C)  and  SAED  (D)  images  of  NiCo204. 


(Fig.  S3)  obtained  at  a  scan  rate  of  10  mV  s-1  in  1  M  KOH,  which  are 
distinguished  from  the  curve  c  shown  in  Fig.  7  A.  Furthermore,  we 
investigated  the  electro-oxidation  of  methanol  on  NiCo204/NF 
electrode  (curve  a  in  Fig.  7A).  After  addition  of  0.5  M  methanol  in 
1  M  KOH,  electro-oxidation  of  methanol  on  the  NiCo204/NF  elec¬ 
trode  is  clearly  observed  with  a  sharp  increase  in  current  density  at 
the  potential  over  0.37  V  [47,48].  The  mechanism  of  methanol 
oxidation  on  the  NiCo204/NF  electrode  is  similar  with  that  on  the 
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NiO/NF  and  C03O4/NF  electrodes  and  can  be  simply  illustrated  as 
follows  [49-51]. 

MO  +  OH”  -  e-  -►  MOOH  (M  =  Ni,  Co)  (3) 

2MOOH  +  2CH3OH  +  5/202  -►  2M(OH)2  +  2C02  +  3H20  (4) 

The  current  densities  of  NiCo204/NF  in  1  M  KOH  without  and 
with  0.5  M  methanol  are  4.6  and  40.9  A  g-1,  respectively.  These 
results  demonstrate  that  the  NiCo204/NF  electrode  exhibits  high 
activity  for  methanol  oxidation.  This  high  electro-oxidation  activity 
may  result  from  the  large  SSA  and  ultrathin  mesoporous  nano¬ 
sheets  of  NiCo204.  In  order  to  eliminate  the  influence  of  NF,  the 
electro-catalytic  activities  of  methanol  oxidation  on  NiCo204/NF 
and  Blank/NF  electrodes  were  compared.  As  shown  in  curve  a  and  b 
in  Fig.  7A,  the  NiQ^CH/NF  and  Blank/NF  electrodes  show  distinct 
different  behavior  in  1  M  KOH  in  the  presence  of  0.5  M  methanol. 
The  current  of  NiCo204/NF  is  much  higher  than  that  of  Blank/NF, 
indicating  the  effect  of  blank  NF  on  electro-catalytic  oxidation  of 
methanol  can  be  ignored. 

In  order  to  demonstrate  that  the  NiCo204  is  favorable  catalyst  for 
methanol  oxidation,  the  electro-catalytic  activity  of  methanol 
oxidation  on  NiO/NF  and  C03O4/NF  and  precursor/NF  electrodes 
were  used  for  comparison  in  Fig.  7B.  As  shown  in  curve  a,  b  and  d  in 
Fig.  7B,  NiCo204  has  much  higher  electro-catalytic  activity  for 
methanol  oxidation  than  NiO  and  C03O4.  Furthermore,  the  onset 
potential  of  methanol  oxidation  for  NiQ^CH/NF  is  approximately  at 
0.37  V  (vs.  Hg/HgO),  much  lower  than  that  of  NiO/NF  and  C03O4/NF 
electrodes,  suggesting  that  the  NiCo204/NF  electrode  has  much 
lower  onset  potential  for  direct  electro-oxidation  of  methanol  [15]. 
As  depicted  in  curve  c,  the  shape  of  CV  curve  of  the  precursor/NF  is 
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Fig.  7.  (A)  CV  curves  of  NiCo204/NF  in  1  M  KOH  without  (curve  c)  and  with  (curve  a) 
0.5  M  methanol  and  Blank/NF  in  1  M  KOH  with  0.5  M  methanol  (curve  b)  at  a  scan  rate 
of  10  mV  s-1;  (B)  CV  curves  of  NiO/NF,  Co304/NF,  NiCo204/NF  and  precursor/NF  in  1  M 
KOH  with  0.5  M  methanol  at  a  scan  rate  of  10  mV  s-1. 

different  from  the  others.  As  shown  in  Fig.  S2,  CV  curve  of  precur¬ 
sor/NF  electrode  in  1  M  KOFI  with  0.5  M  methanol  is  similar  with 
that  of  precursor/NF  electrode  in  1  M  KOFI.  And  the  current  density 
doesn’t  show  sharp  increase  after  adding  0.5  M  methanol,  indi¬ 
cating  that  the  precursor/NF  electrode  hardly  has  any  electro- 
catalytic  activity  for  methanol  oxidation.  These  results  demon¬ 
strate  that  our  proposed  NiCo204  have  good  activity  for  methanol 
oxidation  and  is  a  favorable  catalyst  for  methanol  oxidation. 

EIS  provides  ample  information  for  electron  or  charge  transfer 
information  in  fuel  cells  reactions.  Thus,  EIS  was  carried  out  to 
further  investigated  methanol  oxidation  on  NiCo204/NF.  EIS  mea¬ 
surements  were  recorded  at  0.5  V  and  0.6  V  with  a  frequency  range 
from  10  kFIz  to  0.01  FIz.  The  similar  behavior  in  EIS  (Fig.  8 A)  at  0.5  V 
and  0.6  V  are  clearly  observed.  However,  the  size  of  primary 
semicircle  at  0.6  V  is  much  smaller  than  that  at  0.5  V,  implying  that 
the  faster  reaction  kinetics  for  methanol  oxidation  and  the  lower 
electron  or  charge  transfer  resistance  at  0.6  V  [52-54].  In  other 
way,  0.6  V  is  more  suitable  for  methanol  electro-oxidation. 

It  is  well-known  that  CA  is  a  useful  tool  to  investigate  the 
electrochemical  stability  of  a  catalyst.  According  to  the  EIS  results, 
0.6  V  was  selected  as  the  optimal  potential  for  investigating  the 
stability  of  the  Blank/NF  and  NiCo204/NF  electrodes  for  methanol 
oxidation.  As  depicted  in  Fig.  8B,  the  Blank/NF  and  the  NiQ^CH/NF 
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Fig.  8.  (A)  EIS  plots  of  NiCo204/NF  electrode  in  1  M  KOH  with  0.5  M  methanol  at  0.5  V 
and  0.6  V.  (B)  CA  curves  of  Blank/NF  and  NiCo204/NF  electrodes  in  1  M  KOH  with  0.5  M 
methanol  at  0  V  (0-70  s)  and  0.6  V  (70-1070  s). 


Fig.  9.  CV  curves  of  NiCo204/NF  electrode  measured  at  different  cycles  in  1  M  KOH 
with  0.5  M  methanol  at  a  scan  rate  of  50  mV  s-1;  inset:  the  CA  curves  of  the  NiCo204/ 
NF  electrode  in  1  M  KOH  with  0.5  M  methanol  before  (black)  and  after  (blue)  the  cycle 
at  0  V  (0-70  s)  and  0.6  V  (70-1070  s).  (For  interpretation  of  the  references  to  color  in 
this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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don’t  show  distinct  decay  in  1000  s,  demonstrating  that  the  NF  is  an 
ideal  supporter  for  catalyst  in  DMFCs  and  the  NiCo204/NF  has  good 
stability  for  methanol  oxidation.  Moreover,  the  current  density  of 
the  NiCo204/NF  ( ~37.5  A  g-1)  is  almost  6  times  higher  than  that  of 
Blank/NF  (~5.2  A  g-1),  which  indicates  that  the  NiCo204/NF  ex¬ 
hibits  high  electro-catalytic  activity  of  methanol  oxidation  and  the 
effect  of  NF  is  too  small  to  quantify.  These  are  in  good  agreement 
with  the  CV  results  (Fig.  7A). 

Long-term  stability  is  another  factor  to  assess  the  performance 
of  the  catalyst  for  the  methanol  oxidation.  CV  was  used  to  inves¬ 
tigate  the  long-term  stability.  As  shown  in  Fig.  9,  the  current  den¬ 
sity  at  0.6  V  performs  89%  retention  after  500  cycles  at  a  scan  rate  of 
50  mV  s-1.  The  current  density  at  0.6  V  can  be  returned  to  97%  of  the 
original  value  by  replacing  the  new  1  M  KOH  electrolyte  with  0.5  M 
methanol.  This  demonstrates  that  the  diminution  of  the  current 
density  with  successive  potential  scans  may  probably  result  from 
the  consumption  of  methanol.  These  results  indicate  that  our 
proposed  NiCo204  has  a  good  long-term  stability  for  the  electro- 
catalytic  oxidation  of  methanol. 

To  further  assess  the  stability  of  the  NiCo204/NF  before  and  after 
500  CV  cycles,  CA  was  employed  again.  As  depicted  in  the  inset 
image  in  Fig.  9,  the  current  density  of  NiQ^CU/NF  electrode  after 
500  CV  cycles  maintains  52.2  A  g  1  and  does  not  show  notable 
decay  after  the  cycles.  It  is  suggested  that  our  NiCo204/NF  electrode 
possessed  high  activity  and  good  stability  for  methanol  oxidation. 
This  may  be  due  to  its  unique  3D  mesoporous  nanosphere-like 
structure  and  large  SSA.  These  results  prove  that  NiCo204  could 
meet  the  requirements  of  both  long-term  stability  and  high  activity, 
which  is  necessary  for  anodic  materials  in  DMFCs. 

4.  Conclusion 

In  this  report,  a  quick  microwave-assisted  synthesis  method  and 
post-calcination  process  has  applied  to  the  preparation  of  3D 
nanosphere-like  NiCo204.  The  mesoporous  NiCo204  nanospheres 
has  successfully  used  as  a  catalyst  for  methanol  oxidation  and 
displays  high  electro-catalytic  activity  and  good  long-term  stability. 
The  desirable  electro-catalytic  performance  clearly  indicates  that 
the  mesoporous  nanosphere-like  NiCo204  is  a  promising  alterna¬ 
tive  catalyst  for  high  performance  DMFCs.  These  findings  also 
demonstrate  the  importance  and  great  potential  of  transition  metal 
oxides  in  development  of  high-performance  DMFCs. 
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